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Description 



[METHOD FOR DETERMINING FRINGING 
CAPACITANCES ON PASSIVE DEVICES 
WITHIN AN INTEGRATED CIRCUIT] 

Background of Invention 
[0001] 1. Technical Field 

[0002] The present invention relates to software tools in general, 
and, in particular, to a method within a software tool for 
verifying integrated circuit designs. Still more particularly, 
the present invention relates to a method within a soft- 
ware tool for determining fringing capacitances on single- 
layer and multi-layer on-chip passive devices. 

[0003] 2. Description of Related Art 

[0004] On-chip passive devices can have a single or multiple 

back-end of the line (BEOL) metal layers. Currently, some 
foundry offers passive on-chip devices as a part of its de- 
sign kits. Such passive on-chip devices can be spiral in- 
ductors (including multi-layer stacked inductors), trans- 



mission lines (microstrip and co-planar waveguide inter- 
connects including stacked metal line over a silicon sub- 
strate), bond pads and capacitors (MIM and vertically 
stacked parallel-plate). Each passive device is supported 
by schematic symbol, layout parameterized cell (Pcell), 
design rule checking (DRC), extraction and layout versus 
schematic (LVS) decks as well by a compact model that al- 
lows both time-domain and frequency-domain simula- 
tions such as parametric, temperature dependence and 
Monte-Carlo runs. 

[0005] Whenever possible, it is very important to have analytical 
equations for the area, fringing and mutual capacitances 
of the on-chip passive devices. Although area capacitance 
calculations are usually quite straight-forward, the gener- 
ation of analytical equations for fringing and mutual ca- 
pacitances tends to be more difficult. Nevertheless, all ca- 
pacitance terms (i.e., area, fringing and mutual) are re- 
quired by any compact device model. 

[0006] There are many drawbacks associated with the prior art 
methods of calculating fringing capacitance. For example, 
polynomial-based fringing capacitance equations are not 
always physically based; thus, the initial errors in polyno- 
mial fitting procedure can be relatively large, which may 



cause problems in accuracy and stability of a numerical 
convergence, etc. Consequently, it would be desirable to 
provide an improved method for determining fringing ca- 
pacitances on on-chip passive devices. 
Summary of Invention 

[0007] In accordance with a preferred embodiment of the present 
invention, a fringing capacitance region on a passive de- 
vice is divided into a group of fringing electric field areas. 
A set of physically-based fringing capacitance equations 
is developed for the fringing electric field areas accord- 
ingly. A determination is made as to whether or not an ac- 
curacy of the set of physically-based fringing capacitance 
equations meets a predetermined threshold. If the accu- 
racy of the set of physically-based fringing capacitance 
equations meets the predetermined threshold, the set of 
physically-based fringing capacitance equations is utilized 
in compact device models to determine fringing capaci- 
tance on the passive device. If the accuracy of the set of 
physically-based fringing capacitance equations does not 
meet the predetermined threshold, the set of physically- 
based fringing capacitance equations is fitted to a set of 
extracted data to generate a refined set of physically- 
based fringing capacitance equations, and the refined set 



of physically-based fringing capacitance equations is uti- 
lized in compact device models to determine fringing ca- 
pacitance on the passive device. 
[0008] All features and advantages of the present invention will 
become apparent in the following detailed written de- 
scription. 
Brief Description of Drawings 

[0009] The invention itself, as well as a preferred mode of use, 
further objects, and advantages thereof, will best be un- 
derstood by reference to the following detailed descrip- 
tion of an illustrative embodiment when read in conjunc- 
tion with the accompanying drawings, wherein: 

[0010] Figure 1 illustrates a signal wire located above a ground 

plane on which an analytical fringing capacitance equation 
is based, in accordance with a preferred embodiment of 
the present invention; 

[0011] Figure 2 illustrates a multi-layer passive device located 
above a ground plane on which an analytical fringing ca- 
pacitance equation is based, in accordance with a pre- 
ferred embodiment of the present invention; 

[0012] Figure 3 is a high-level logic flow diagram of a method for 
determining fringing capacitances on passive devices, in 
accordance with a preferred embodiment of the present 



invention; 

[0013] Figure 4 illustrates the final verification results of an ana- 
lytical fringing capacitance equation; and 

[0014] Figure 5 is a block diagram of a computer system in which 
a preferred embodiment of the present invention be im- 
plemented. 
Detailed Description 

[0015] I. Formation of Analytical Fringing Capacitance Equations 

[0016] An analytical fringing capacitance equation is initially de- 
rived according to an estimated quasi-static electric field 
distribution. Referring now to the drawings and in partic- 
ular to Figure 1, there is graphically illustrated a signal 
wire located above a ground plane on which an analytical 
fringing capacitance equation is based, in accordance with 
a preferred embodiment of the present invention. As 
shown, the fringing electric field region between the wire 
and the ground is divided into four areas - A, B, C and D. 
Because of symmetry, only half of the geometry shown in 
Figure 1 will be considered. 

[0017] In Figure 1, area A corresponds to a parallel plate capaci- 
tance, which can be calculated by 



(1) 



[0018] where w and h are various thickness and distances shown 
in Figure 1 and L is the device length. The fringing capaci- 
tance formed by areas B, C and D are the main focus of 
the present invention. In order to calculate the total fring- 
ing capacitance for the configuration shown in Figure 1, 
the following steps (and assumptions) are utilized: 

[0019] j. Draw reasonable field lines for the defined areas, such 
as assuming that areas C and D are formed by quarter cir- 
cle electric field lines. 

[0020] ii. Calculate the length of an each field line by using 

[0021] jjj. Calculate the electric field along each field line, which 
is constant, by using 




[0022] jv. Calculate the charges of the defined area by using 
Gauss Law 



q = t^zJiE-ds) 
s 



[0023] V. Calculate the capacitance per unit length by using 

V 

[0024] By taking all of the above-mentioned steps (and assump- 
tions), the following capacitance equations can be arrived: 

C^thjh) = eoe,|lii|l+|jL (3) 
C>.iM) = Coelln(l.^jL (4) 

[0025] where w, h and th are various thickness and distances 
shown in Figure 1, C is fringing capacitance formed by 

B 

area B, is fringing capacitance formed by area C, and 
is fringing capacitance formed by area D. 

Equation (5) can be further modified into: 

Cfru^ = 2-eo^[a-*-to(l-f]-c-ln(l.-^|L (6) 



[0026] Equation (6) is more general and can be adapted for any 
particular technology using any fitting procedure with re- 
spect to coefficients a, b and c. 

[0027] vvith reference now to Figure 2, there is graphically illus- 
trated a multi-layer (stacked) passive device located above 
a ground plane on which an analytical fringing capacitance 
equation is based, in accordance with a preferred embodi- 
ment of the present invention. After a number of numeri- 
cal simulations, it has been found that vias or via bars do 
not contribute much into fringing capacitance. Based on 
such information, the analytical fringing capacitance 
equation for a multi-layer passive device configuration 
shown in Figure 2 can be simply given by: 



=2B„e 



[0028] where th , tox , h are various thickness and distances 

m m m 

shown in Figure 2 and M is the top signal conductor and L 
is the device length. 
[0029] Equation (7) can be further modified to 



[0030] As in the case of equation (6), equation (8) is more gen- 
eral and can be adapted to any particular technology us- 
ing any well-known fitting procedure. 

[0031] II. Application of Analytical Fringing Capacitance Equa- 
tions 

[0032] Referring now to Figure 3, there is illustrated a high-level 
logic flow diagram of a method for determining fringing 
capacitance on a passive device, in accordance with a pre- 
ferred embodiment of the present invention. Starting at 
block 10, for a given back-end of the line (BEOL) metal 
stack, a set of test passive devices (at least hundreds of 
test passive devices), which has passed design rule check- 
ing (DRC), is generated, as shown in block 11. Then, the 
fringing capacitance is extracted from each of the test 
passive devices, as depicted in block 12. Such extraction 
can be performed by using software tools such as Quick- 

TM TM 

Cap in combination with Matlab for large test 
databases. Next, the extraction data are collected in a 
database, as shown in block 13. The extraction data are 
then compared to the results from a physically-based an- 
alytical fringing capacitance equation (as described previ- 
ously) to determine if the accuracy of the analytical fring- 
ing capacitance equation is sufficient, as depicted in 



blocks 14 and 15. If the accuracy of the results from the 
physically-based analytical fringing capacitance equation 
is not sufficient, the physically-based analytical fringing 
capacitance equation is fitted to the extraction data to 
minimize error over the set of test passive devices, as 
shown in block 16. If the accuracy of the physically-based 
analytical fringing capacitance equation is sufficient, then 
the physically-based analytical fringing capacitance equa- 
tion is used in compact device models, as depicted in 
block 17. 
[0033] III, Application Examples 

[0034] Example l:single-wire microstrip transmission line 

[0035] The capacitances for a single-wire microstrip transmission 
line includes two parts, namely, area and fringing capaci- 
tances. The area capacitance can be calculated using 
equation (1). After an analytical capacitance equation has 
been developed, the fringing capacitance can be deter- 
mined using the methodology shown in Figure 3. 

[0036] The verification results of the analytical capacitance equa- 
tion is shown in Figure 4. According to the methodology 

TM 

in Figure 3, an extraction software (such as QuickCap ) is 
initially used to generate a large capacitance (area + 



fringing) database. Then, tlie obtained database and 
equations (1) and (5) are utilized to cliecl< tlie accuracy of 
tlie initial analytical capacitance equation. As shown in 
Figure 4, the maximum error for the analytical fringing 
capacitance equation is approximately 9%. The extracted 
capacitance database is also checked against the well- 
known capacitance calculation equation 



[0037] where w, h and th are various thickness and distances 

shown in Figure 1 and L is the device length. Equation (9) 
has a maximum error of approximately 13%. 

[0038] If a numerical error of approximately 10% is acceptable, 
then the equation generation process is complete and 
equations (1) and (5) can be used for fringing capacitance 
calculations. For example, when the accuracy of the ana- 
lytical fringing capacitance equation is sufficient, the ana- 
lytical fringing capacitance equation can be used in sin- 
gle-wire interconnect compact model. Otherwise, an at- 
tempt is made to minimize the overall error by using the 
extracted capacitance database, equations (1), (6) and nu- 
merical fitting to find coefficients a, b and c of equation 
(6), which give a minimum of the maximum or mean er- 




(9) 



ror. Figure 4 shows the results of such a numerical fitting 
procedure, and the maximum error can be minimized to 
be approximately 2.7%. After that, the refined analytical 
fringing capacitance equation along equation (1) can be 
used in the single-wire interconnect compact model. 

[0039] Example 2:multi-layer single wire located above an infi- 
nite ground plane 

[0040] In production, the infinite ground plane for the multi- 
layer (stacked) RF_line device configuration as shown in 
Figure 2 is actually a silicon substrate. The accuracy of 
equation (7) versus the number of metal layers from which 
RF_line is constructed is verified. In the present example, 
the fringing capacitance of interest is due to the electric 
field in SiO^ at low frequency when the silicon substrate 
behaves as a good electric conductor. Table I shows the 
results (per unit length) of numerical comparison using 
IBM CZ2D fringing capacitance data and the results ob- 
tained using equation (7) for a specific process technol- 
ogy. 
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[0041] As shown, the maximum error is approximately 5 %. If 
such upper limit is acceptable, then equation (7) can be 
used without any modification in a compact device model. 
Otherwise, equation (8) and the methodology shown in 
Figure 3 are used to find the best choice of coefficients a, 
b and c in equation (8) that gives a minimum of the maxi- 
mum or mean error for a specific process technology and 
device under questions. 

[0042] Referring now to Figure 5, there is depicted a block dia- 
gram of a computer system in which a preferred embodi- 
ment of the present invention be implemented. As shown, 
a computer system 50 includes a main processor 51 cou- 
pled to a main memory 52 and a multil/0 processor 
(MFIOP) 53. Main processor 51 may include a single pro- 



cessor or multiple processors. Several peripheral storage 
devices, such as a diskette drive 56, a tape drive 57, and a 
direct access storage devices (DASDs) 58, are controlled 
by MFIOP 53. In addition, MFIOP 53 provides communica- 
tions to other devices via communication ports such as 
COMM 1 and COMM 2. 

[0043] A workstation con54 is coupled to a communications I/O 
processor (ClOP) 55 via a system bus 59. Workstation 
controller 54 provides communications between main 
proces51 and workstations 60 that may be connected to 
computer system 50. ClOP 55 provides communications 
to other devices via communication ports such as C0MM3, 
C0MM4, and C0MM5. 

[0044] As has been described, the present invention provides a 
method for determining fringing capacitance on passive 
devices. The method of the present invention is applicable 
to compact predictive modeling of a wide variety of on- 
chip parameterized passive devices, including single-layer 
and vertically stacked passive devices. The method of the 
present invention allows fast and accurate fringing capac- 
itance equation development once the technology and de- 
vice type have been specified. The method of the present 
invention uses standard commercial tools such as Mat- 



lab™ and QuickCap™ software (or other capacitance ex- 
traction tools) and can be fully automated. 
[0045] After analytical fringing capacitance equations have been 
developed, there is no need to use extraction software for 
supported in the design kit passives, unless a circuit de- 
signer is developing a completely new passive device that 
is not part of a foundry offering. The developed analytical 
fringing capacitance equations can be used in compact 
device models and can be incorporated within the industry 
standard simulation engines such as HSpice, Spectre™ and 
Spectres™. 

[0046] Although the present invention has been described in the 
context of a fully functional computer system, those 
skilled in the art will appreciate that the mechanisms of 
the present invention are capable of being distributed as a 
program product in a variety of forms, and that the 
present invention applies equally regardless of the partic- 
ular type of signal bearing media utilized to actually carry 
out the distribution. Examples of signal bearing media in- 
clude, without limitation, recordable type media such as 
floppy disks or CD ROMs and transmission type media 
such as analog or digital communication links. 

[0047] While the invention has been particularly shown and de- 



scribed with reference to a preferred embodiment, it will 
be understood by those skilled in the art that various 
changes in form and detail may be made therein without 
departing from the spirit and scope of the invention. 



